Pseudolysogeny is an environmental condition in which the starved bacterial cell coexists in an unstable relationship with infecting viral genomes. As nutrients are supplied to the bacterium, the pseudolysogens resolve into either true lysogeny or active production of virions. The direct result of pseudolysogenic relationships is an extension of the effective phage half-lives in natural environments. In this paper a continuous culture model of interactions between bacterial host organisms and bacteriophages leading to pseudolysogeny is presented. The pseudolysogenic state was found to depend on the concentration of nutrients available to the host. As cells became more starved, the frequency of pseudolysogens increased. The dependence on overall nutrient concentration was more dramatic than the variation in the generation time (chemostat turnover time) of the host. Thus, it appears that pseudolysogeny is a legitimate strategy for environmental bacteriophages to adapt to survive periods of starvation of their host organisms. Consideration of pseudolysogeny as a survival strategy is important to the development of any comprehensive model of host-bacteriophage relationships in natural environments.
INTRODUCTION
Our laboratory is constructing a model of hostbacteriophage interactions in natural environments. Previous models have relied on data gathered from experiments in which well-fed cells were analysed under laboratory growth conditions. Our studies, using lownutrient parameters and generation times that are typically encountered in natural ecosystems, have revealed a remarkably different type of hostbacteriophage interaction, pseudolysogeny (Baess, 1971 ; Ripp & Miller, 1997) . Pseudolysogeny defines a condition in which the starved host cell coexists with its viral genome in an unstable relationship for extended periods. As nutrient supplies are replenished, the viral genome in the pseudolysogenized cell either establishes true lysogeny or becomes activated to produce and release virions. The direct result of pseudolysogenic relationships is the extension of phage genome half-lives in natural, nutrient-limited environments. Ultimately, pseudolysogeny provides a way in which phage can maintain themselves in the large numbers observed in what would appear to be hostile habitats (Bergh et al., 1989 ; Bratbak & Heldal, 1993 ; Hennes & Suttle, 1995 ; Paul et al., 1991; Proctor & Fuhrman, 1990; Walter et al., 1989) .
In this study, we have utilized continuous culture methodology to evaluate the pseudolysogenic response in cells growing under increasingly more severe states of starvation. These states were produced by lengthening the hydraulic turnover (generation) times of the chemostat culture or by decreasing carbon availability in the growth medium. In this manner, we assessed pseudolysogenic interactions over a wide range of growth conditions.
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METHODS
Bacterial strains and bacteriophages. Pseudomonas aeruginosa strains PAOl (prototrophic) (Miller & Ku, 1978) , PA0303 (argB21) (Kokjohn & Miller, 1988) , PA0515 (met-9011, amiE200, nalA5) (Rella & Hass, 1982) and RM132 (an F116 lysogen of PA0303) (Saye et al., 1990) were used in this study. Phage F116 is a temperate, generalized transducing phage (Miller et al., 1974) . Phage UT1 was isolated from a natural freshwater lake . It exhibits a virulent phenotype under laboratory conditions, but appears pseudolysogenic under natural conditions (Kokjohn et al., 1991) . It is also a generalized transducing phage (Ripp et al., 1994) .
Media. Luria-Bertani (LB) agar was routinely used as nonselective medium (Miller & Ku, 1978) . selective media consisted of either LB agar containing nalidixic acid (500 pg ml-l) or Pseudomonas Minimal Medium (PMM) containing 0.4 ' YO glucose supplemented with arginine (25 pg ml-l) (Miller & Ku, 1978) . Chemostats contained a variation of PMM in which the sodium citrate was omitted (PMM-c) (Replicon et al., 1995) . Yeast extract was added at various concentrations, serving as sole source of carbon and nitrogen in continuous culture experiments.
Continuous culture conditions. Four experimental designs were established to assess host-bacteriophage interactions under various levels of host-cell starvation. All experiments utilized a New Brunswick Scientific Bioflo model C30 bench top chemostat (Edison) consisting of a 1 or 1.5 1 culture vessel and a 10 1 medium reservoir containing PMM-c supplemented with yeast extract (Replicon et al., 1995) . All incubations were performed at room temperature with aeration at an agitation rate of 200 r.p.m.
The first experimental design evaluated the response of phage F116 to varying nutrient concentrations available to its host cells. Strain RM132 served as the source of phage virions and PA0515 as host. Five separate chemostat runs were performed, each providing a specific level of nutrient in the PMM-c growth medium: lo-', lod3, and lo-'% yeast extract (final concentration).
The second experimental design exactly repeated the first except that phage UT1 was used instead of F116. Phage UT1 was inoculated directly into the chemostat since it is virulent and no lysogenic strain for it exists. Strain PA0303 served as the source of host cells. Yeast extract concentrations were again maintained at final concentrations of The final two experimental designs assessed the response of either F116 or UTl to changes in host generation times. Chemostat pump speeds were set to produce generation times of either 5,8, 10, 12 or 14 h, yielding five treatments for each phage. Host and phage inocula remained the same as for the first two designs, with yeast extract being maintained at a constant YO final concentration throughout each treatment.
and lo-' %.
Preparation of inocula.
Strains inoculated into chemostats were first grown overnight at 37OC in LB broth and then diluted 1:lOO in PMM-c supplemented with 0.5% yeast extract and grown to mid-exponential phase at 37 OC. Cultures were then washed twice in PMM-c (containing no yeast extract) and inoculated into the chemostats. For studies involving phage F116, strains PA0515 and RM132 were inoculated into the culture vessel at approximately 10' and lo5 c.f.u. ml-', respectively. Studies involving phage UT1 utilized strain PA0303 inoculated at approximately 10' c.f.u. ml-'. After a stabilization period of 4 d, phage UT1, suspended in PMM-c, was added at lo5 p.f.u. ml-'.
Bacteriophage and infective centre enumeration. Total numbers of bacteriophage were determined through plaque assays (Billing, 1969) . Samples were first filtered through 0.45 pm syringe filters to remove bacterial cells and then diluted in 100-fold increments in PMM-c. A sample ( 0 1 ml) of each dilution was combined with 0.1 ml of a fresh PAOl culture in mid-exponential phase to which was added 2.5 mlA top agar (Miller & Ku, 1978) . After gentle vortexing, the mixture was poured onto LB agar plates and incubated at 37 "C. The resulting plaque-forming units (p.f.u.) were counted the next day.
Infective centres refer to bacteria which are in the latent phase of lytic infection (Kokjohn et al., 1991) . Quantification of infectious centres was determined in the same manner as bacteriophage counts except that bacterial cells were not filtered out of the samples. As a result, the plaques formed on these plates represented the total numbers of both free phage and infective centres. By subtracting the titre of free phages from this count, the concentration of infective centres could be determined.
Identification of phage-releasing isolates. Potential phagereleasing colonies were isolated from F116-containing chemostats by plating on LB plates containing nalidixic acid (500 pg ml-l). For chemostats inoculated with phage UT1, PMM containing 0 4 '/O glucose supplemented with arginine (25 pg ml-l) was used. One hundred colonies per plate were transferred onto a top agar overlay of PAOl and incubated overnight at 37 "C. A zone of lysis surrounding a colony signified the spontaneous release of virions (Miller & Ku, 1978) .
Identification of pseudolysogenic cells. Colony hybridizations were performed to determine the frequency of cells containing phage DNA. Phage F116 and UT1 genomic DNAs were isolated according to Silhavy et al. (1984) and chemiluminescently labelled with the Genius Non-radioactive Labelling Kit (Boehringer Mannheim). Bacterial colonies isolated from the chemostat culture were transferred onto Magnagraph 0.45 pm pore size, 85 mm diameter nylon membranes (Micron Separations) and hybridized with either the labelled F116 or UT1 probe, according to the Genius system user's guide, version 2.0 (1992). In this manner, the number of cells actually containing a phage genome could be determined and compared to the number of cells actively releasing phage as ascertained by the above agar overlay technique. The difference represents the number of pseudolysogens ; those cells containing phage but unable to actively release virions.
RESULTS
Several studies have assessed host-bacteriophage interactions in chemostat cultures Kooi & Kooijman, 1994; Lenski & Levin, 1985; Levin et al., 1977) . However, none has examined the pseudolysogenic response under continuous culture conditions. The nutrient concentrations and generation I 'mes established for the numerous chemostat cultures described here were our best approximations of what might occur in a natural freshwater lake (Replicon et al., 1995) .
However, in a typical environmental situation, param- eters affecting population growth characteristics are essentially too widely varied to undergo precise measurement. Therefore, an extended range of nutrient concentrations and generation times were used in the chemostat simulations to achieve an overall view of host-bacteriophage interactions in the natural environment. Growth rates for each of the strains used in these experiments were established in filter-sterilized lake water (data not shown). Strains typically maintained their populations at levels comparable to those which developed in the chemostats. Exceptions occurred at the extreme low end of the nutrient concentration range. In general, growth in the chemostats was maintained at approximately 105-108 c.f.u. ml-l and 103-109 p.f.u. ml-', which closely approximates concentrations found in natural aquatic populations (Bergh et al., 1989; Miller & Sayler, 1992; Proctor & Fuhrman, 1990; Suttle, 1994) .
Response of phage F116 to variations in nutrient concentrations available to the host bacterium
Bacterial and phage F116 growth patterns in chemostats supplemented with yeast extract at various concentrations are shown in Fig. 1 . As is readily apparent, phage and bacterial populations are maintained at the highest densities at high yeast extract concentrations and decrease as the concentration of yeast extract decreases. Table 1 lists the ratio of phage particles per bacterium (PBR) ) that developed over the course of each chemostat run. A rather dramatic difference exists between phage production at high and low nutrient concentrations. However, the exact opposite observation is made when assessing pseudolysogen concentrations (Table 2) . At lov2 % yeast extract, the frequency of cells that have been pseudolysogenized is minimal but gradually increases until a maximum is attained at This observation is consistent with our hypothesis concerning pseudolysogeny . As cellular starvation levels increase, we would predict that the occurrence of pseudolysogeny would also increase. It is interesting to note that the fraction of cells found to contain the F116 genome (those testing positive in colony hybridizations) increased as nutrient levels decreased. The rate of increase between and yeast extract did not, in general, differ. However, there was a substantial difference between these concentrations and the rates observed at and % . These observations correlate well with the larger numbers of pseudolysogens present in the and % yeast extract experiments.
yeast extract.
Response of phage UTI to variations in nutrient concentrations available to the host bacterium
When the virulent phage UT1 was grown at various nutrient concentrations, equilibriums were established between phage and host numbers in all cases except at % yeast extract when phage concentrations began to decline after approximately 28 d (Fig. 2) . However, as phage numbers declined, the number of cells containing phage DNA increased, as can be seen in 28 and 35 at lo-'% yeast extract. At these time points, 34 and 46% of the cells, respectively, were found to exhibit pseudolysogeny. Pseudolysogenic frequencies this large were seen in none of the other microcosms, emphasizing the importance of nutrient limitation to pseudolysogen establishment. In fact, the overall fraction of cells exhibiting pseudolysogenic characteristics increased rather dramatically from high to low yeast extract additions (Table 3) , just as was seen for phage F116. PBRs generally followed the same pattern as they did for F116 (Table 4) . At high nutrient levels, high PBRs were attained almost immediately. As nutrient levels decreased, PBR increases were delayed.
Estimation of phage F116 activities at various host generation times
The generation time of bacteria growing in a continuous culture is equivalent to the time it takes for the culture vessel to completely replenish itself with medium (Malek & Fend, 1966) . Mathematically, this is represented as the reciprocal of the dilution rate, 1/D, or the ratio of the volume of the culture to the rate at which fresh medium flows into the culture (V/F), Therefore, at short generation times (i.e. 5 h), cells are provided with fresh medium at a rapid rate and growth proceeds under conditions of only mild nutrient limitation. As generation times increase, the flow rate of fresh medium decreases such that nutrient addition occurs at a very slow rate. Consequently, the growth environment is severely nutrient-limited and cells exist in a semi-starved state. For the experiments reported here, generation times of 5, 8, 10, 12 and 14 h were used at a constant yeast extract concentration of
At generation times of 5 and 8 h, phage F116 concentrations initially increased at a rapid rate, followed by a decline and another increase up to or surpassing hostcell concentrations. Similar results were obtained at 10, 12 and 14 h generation times except that phage concentrations initially decreased to well below inoculation levels. This was coincident with an initial drop in cell numbers, as well.
The oscillating phage concentrations seen in all of these cultures is a phenomenon typically associated with predator/prey growth in a closed, regulated system (Gause & Witt, 1935) . Due to this oscillating nature, it (Fig. 3) . is difficult to form a pattern when assessing PBRs. However, in general, phage production decreases as generation times extend (Table 5 ) and the number of pseudolysogens increases as generation times increase (Table 6 ). These results are virtually identical to those obtained for phage F116 at differing nutrient concentrations.
Estimation of phage UT1 activities at various host generation times
These chemostat experiments differed from all others in that phages were consistently maintained at slightly higher levels than were their host cells (Fig. 4) . This is analogous to what was seen by Levin et al. (1977) in a similar one resource/one prey/one predator chemostat model using Escherichia coli and phage T2. Why our other chemostat runs did not behave in this manner is unknown. However, other studies have not confirmed Levin's model either Lenski & Levin, 1985) , pointing out the fact that our understanding of predator/prey relationships under low nutrient conditions is severely limited. However, our concerns lie not in explaining these relationships, but with understanding pseudolysogeny .
As such, it was again evident that pseudolysogeny occurred much more frequently at longer generation times when cells were more starved ( Table 7 ) . PBRs were fairly equal among all generation times (Table S) , but once again, phage concentrations tended to oscillate, making an accurate analysis of the PBR difficult. Also, high PBRs at 12 and 14 h generation times were caused by a decrease in cell numbers and not an overall increase in phage concentrations,
DISCUSSION
In our continuous culture studies on pseudolysogeny, the temperate phage F116 behaved much more interestingly than the virulent UT1 phage. Phage F116 tended to follow classical Gause-type oscillations with a coincident reciprocal bacterial oscillation sometimes occurring as well (Gause & Witt, 1935) . This behaviour was explained in detail by Chao et al. (1977) . When the phage and bacterial populations are low, bacterial numbers tend to increase since cell division occurs more quickly than phage infection events. However, when bacterial concentrations are high, phage infection rates dramatically increase and the phage population rises while bacterial numbers fall. The continuous flow of nutrients into the chemostat provides the few remaining cells with sufficient energy to maintain high growth rates while the continuous removal of wastes decreases the phage population. Bacterial concentrations now increase as phage numbers fall and the cycle repeats. In these studies, although oscillations occurred, bacterio- A model for pseudolysogeny in environmental bacteria The virulent phage, UT1, consistently maintained its population density in equilibrium with or above that of its host except at a yeast extract concentration of % when phage populations began to decline after 30 d incubation (Fig. 4) . PBRs remained more or less consistent between all experiments, except for transient epidemics where large phage increases were seen due to temporary decreases in host-cell populations.
Ogunseitan et al. (1990) , using phage UT1, found PBRs to range from <1 to approximately 2700 in in situ Assessment of pseudolysogen activity, as measured by the number of cells containing a phage genome but not actively releasing phage, was found to be highly dependent on nutrient concentration. As cells became more starved, concentrations of pseudolysogens tended to increase. The effect of varying the concentration of yeast extract 100-fold was more dramatic than varying generation times. Significant differences [KolmogrovSmirnov test, P = 0.05 (Siegel, 1956; Systat, 1992) ] were found between each group and yeast extract) in both the F116 and UT1 phage experiments. Alteration of generation times between 5 and 8 h produced no significant differences for either F116 or UT1. Nor were differences found for UT1 between 5 and lO,8 and 10, and 12 and 14 h generation times. All other comparisons of generation times were statistically significant.
Replicon et al. (1995) , using continuous culture chemostats, have developed a model identifying factors that influence transduction frequency under conditions reminiscent of those encountered by microbial organisms in natural ecosystems. Transduction is a concern because of the potential for horizontal gene transmission from an introduced genetically engineered micro-organism (GEM) to members of the indigenous population. They concluded that transduction can stabilize a phenotype in a genetically heterogeneous microbial population even if that phenotype occurs with a selective disadvantage. The rate of transduction was found to correlate directly with the PBR. Our results further enhance this model by additionally showing that PBRs correlate with nutrient concentration and generation time. Therefore, as cells begin to enter a period of starvation and slow growth, PBRs will decrease as will transduction rates. However, due to the presence of pseudolysogenic cells, any influx of nutrient will dramatically elevate PBRs, thus increasing transduction rates as well. These effects are important when considering the application of GEMS to environmental systems. Stabilization of the phenotype will result in an increased fitness of the released organism which will raise both its survivability and the probability of transferring its genetic material to the indigenous microbiota. These consequences must be taken into account in determining the risk associated with the application of GEMS in an environmental setting.
